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Abstract 

Generation  of  hydrogen  from  the  reaction  of  ammonia  (NH3)  with  magnesium  hydride  (MgH->)  was  studied.  Experiments  were  conducted  at 
near  ambient  temperatures  (75-150  °C),  which  are  lower  than  that  required  by  ammonia  cracking  and/or  metal  hydride  thermal  decomposition 
reactions.  Effects  of  selected  catalysts/promoters  for  the  production  of  hydrogen  by  the  NH3-MgH2  reaction  were  evaluated.  Addition  of 
ammonium  chloride  (NH4CI)  accelerated  the  NE^-MgEG  reaction.  MgH2  doped  with  either  PdCl2  or  PtC4  also  showed  increased  reactivity 
towards  NH3  for  H2  production  in  the  presence  of  NH4CI.  Results  from  this  study  demonstrated  the  feasibility  of  hydrogen  production  from 
ammonia-based  reactions  in  support  of  potable  hydrogen  fuel  cells.  These  preliminary  results  warrant  further  systematic  studies  to  elucidate 
the  activation  mechanism  of  PdCl2  or  PtCE  as  catalysts,  as  well  as  the  role  of  NH4CI  as  an  additive,  a  reactant  and/or  a  catalyst  in  the  reaction 
system  of  interest. 

©  2006  International  Association  for  Hydrogen  Energy.  Published  by  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

A  compact  and  lightweight  hydrogen  source  based  on  rapid 
and  efficient  energy  conversion  of  convenient,  inexpensive,  and 
safe  hydrogen-laden  chemicals  is  needed  for  widespread  use 
of  small  hydrogen-air  fuel  cells  (H/AFCs).  Most  typically  used 
performance  criteria  for  hydrogen  storage  are  gravimetric  and 
volumetric  densities  [1].  Table  1  shows  relative  values  of  vari¬ 
ous  hydrogen  storage  options. 

In  consideration  of  storage,  handling,  and  deployment,  am¬ 
monia  has  been  identified  as  one  of  the  attractive  and  feasi¬ 
ble  hydrogen-laden  chemicals  to  provide  hydrogen  for  small 
H/AFCs.  Ammonia  (NH3)  is  a  stable  and  widely  available  en¬ 
ergy  source  with  a  relatively  high  hydrogen  density  (17.6%). 
Since  the  vapor  pressure  of  ammonia  at  104  °F  (40  °C)  is  225  psi 
(15.5  bar),  it  can  be  stored  under  modest  pressure  as  a  liquid. 
The  challenge  remains  in  the  rapid  and  efficient  conversion  of 
ammonia  into  hydrogen.  Cracking  ammonia  to  hydrogen  and 
nitrogen  is  an  endothermic  reaction,  which  begins  at  tempera¬ 
tures  of  450-500  °C  [2,3].  However,  the  rate  and  extent  of  am¬ 
monia  cracking  in  the  existing  processes  are  not  satisfactory 
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for  deployable  fuel  cell  applications.  At  temperatures  as  high 
as  1000  °C,  a  trace  amount  of  ammonia  remains  [4],  Because 
of  the  heat  requirements  for  cracking  ammonia  and  vaporizing 
liquid  ammonia,  part  of  the  ammonia  load  would  have  to  be 
used  as  fuel  for  the  conversion  process.  A  high-temperature 
converter  system  is  likely  to  be  bulky  and  may  require  catalysts 
and  other  necessary  features  such  as  heat  exchange  devices 
and  insulation.  Since  ammonia  degrades  the  performance  of 
H/AFCs,  the  ammonia  conversion  must  be  complete  and/or 
special  processing  units  must  be  equipped  to  remove  residual 
ammonia  from  the  hydrogen  product  stream. 

A  new  approach  of  reacting  ammonia  with  metal  hydrides 
to  produce  hydrogen  has  recently  been  evaluated.  Several  re¬ 
search  groups  have  explored  the  ammonia-lithium  aluminum 
hydride  (LiAlH4)  reaction  [5],  ammonia-magnesium  hydride 
(MgH->)  reaction  [6],  and  ammonia-aluminum  hydride  (AIH3) 
reaction  [7], 

Metal  hydrides  are  metals  either  ionically  or  covalently 
bonded  with  hydrogen,  which  is  negatively  polarized.  Early 
work  on  metal  hydrides,  dates  back  more  than  140  years, 
and  was  well  documented  by  German  chemists  in  1930s 
(Gmelins  Handbuchs).  Extensive  studies  on  metal  hydrides 
were  conducted  in  the  1960s  through  1980s  [8,9]  due  to  the 
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Table  1 


Gravimetric  and  volumetric  densities  of  selected  H2  storage  options 


Material 

H2  (wt%) 

H-atoms/cm3  (xlO22) 

H2  (gas)  25  °C,  200  bar 

100 

0.99 

H2  (liquid)  -253  °C,  1  bar 

100 

4.2 

CH4  (liquid)  -162°C,  1  bar 

25 

6.4 

NH3  (liquid)  -33  °C,  1  bar 

17.6 

7.2 

MgH2  (solid) 

7.6 

6.5 

Mg2NiH4  (solid) 

3.6 

5.9 

FeTiH2  (solid) 

1.89 

6.0 

LaNisHe  (solid) 

1.37 

5.5 

potential  technological  importance  of  this  class  of  materials  in 
hydrogen-based  energy  conversion  schemes.  One  of  the  early 
interests  that  stimulated  extensive  studies  in  metal  hydrides 
was  their  potential  application  as  moderator,  reflector,  or  shield 
components  for  high-temperature  mobile  nuclear  reactors  [8]. 
Catalytic  reactions  of  metal  hydrides  have  also  drawn  consid¬ 
erable  interest  [10].  Currently,  there  is  a  renewed  interest  in 
various  applications  involving  metal  hydrides.  These  applica¬ 
tions  include  using  metal  hydrides  as  hydrogen  storage,  heat 
storage,  storage  batteries,  and  a  means  to  separate  hydrogen 
from  gas  mixtures  [11].  One  example  is  MgH2-Mg-sy stems 
that  have  been  studied  for  hydrogen  storage,  purification,  and 
separation,  and  heat  storage  [12].  Attractive  features  of  this  sys¬ 
tem  include  relatively  low  material  and  construction  costs,  sat¬ 
isfactory  kinetics  with  low  loading  pressure,  and  high  hydrogen 
(6. 5-7.0  wt%)  and  heat  (18  kcal/mol)  capacity.  However,  a  heat 
source  of  300-350  °C  is  needed  to  release  the  bonded  hydrogen. 
Another  example  is  metal  hydride  storage  batteries  developed 
in  1970s  [13].  Many  of  these  batteries,  such  as  nickel-metal  hy¬ 
dride  (Ni-MH)  batteries,  are  widely  used  today.  Typical  Ni-MH 
batteries  have  a  capacity  of  about  55-65  Wh/kg  [11]. 

The  key  issues  involving  the  use  of  metal  hydrides  include  the 
control  of  the  rate  of  as  well  as  chemical  activation  of  hydride 
reactions  at  ambient  temperatures.  Saline  hydrides  are  powerful 
reducing  agents,  and  can  ignite  spontaneously  upon  contacting 
with  air  to  form  metal  oxide  and  water.  Saline  hydrides  react  in¬ 
stantly  with  water  to  evolve  hydrogen.  Desorption  of  hydrogen 
from  metal  hydrides  typically  occurs  at  temperatures  greater 
than  250  °C,  except  for  A1H3  (150  °C)  and  LiAlH4  (180  °C) 
[14].  In  addition,  metal  hydrides  with  higher  H2  content  dis¬ 
play  higher  desorption  temperature,  such  as  MgH2  (7.6  wt%) 


at  360  °C,  and  LiH  (12.6  wt%)  at  720  °C.  Saline  hydrides 
also  react  with  ammonia  rapidly  at  ambient  temperatures,  but 
the  reaction  typically  forms  hydrogen  and  metal  amide  [15]. 
Chemical  activation  of  MgH2  is  accomplished  by  blending  a 
small  amount  of  LiBH4  [16]  and  carbon/noncarbon  additives 
[17].  The  catalyst  approach  has  also  been  reported  for  other 
metal  hydrides,  such  as  LiAlH4  [18]  and  NaAlH4  [19].  The 
enhancement  of  hydrogen  uptake/release  characteristics  by 
using  selected  catalysts  has  been  well  documented  in  these 
studies. 

This  experimental  study  investigated  the  reaction  between 
ammonia  and  magnesium  hydride  (MgH2)  as  a  potential  hy¬ 
drogen  source  for  field-deployable  fuel  cell  applications. 

2NH3  (g)  +  3MgH2  (cr)  ^  Mg3N2  (cr)  +  6H2  (g) 

AH0  =  —  33.52  kcal. 

The  heat  of  reaction  calculated  from  Chase  [20]  indicates  this 
reaction  is  exothermic.  The  reverse  reaction  is  known  to  proceed 
by  heating  magnesium  nitride  (Mg3N2)  with  hydrogen  [21]. 
Magnesium  reacts  with  ammonia  to  form  magnesium  nitride 
and  hydrogen  [22],  but  the  load  utilization  efficiency  is  about 
50%  of  that  achievable  by  the  proposed  ammonia-magnesium 
hydride. 

Two  key  evaluation  criteria  for  energy  storage/conversion 
systems  are  (1)  specific  energy  (kWh/kg)  and  (2)  energy  den¬ 
sity  (kWh/L),  where  the  weight  and  volume  are  those  of  the 
systems,  i.e.,  chemicals  plus  equipment.  Table  2  provides  a 
comparison  of  these  two  criteria  for  the  proposed  NH3-MgH2 
reaction  system,  existing  electrical  energy  storage/conversion 
systems,  and  target  fuel  cell  systems. 

2.  Experimental 

Magnesium  hydride  was  obtained  from  Aldrich  Chemical 
Co.  in  powder  form  (90%  purity,  balance  magnesium).  MgH2 
has  a  bulk  density  of  1.45  g/cm3  and  decomposes  at  280°C 
under  high  vacuum.  The  MgH2  feedstock  contained  about 
10%  magnesium  as  the  result  of  its  manufacturing  process. 
The  following  compounds  were  used  as  promoters  (i.e.,  ad¬ 
ditive,  reactant,  or  catalyst)  to  enhance  the  baseline  reaction: 
ammonium  chloride  (NH4C1,  Sigma,  99.9  +  %),  silver  chloride 
(AgCl,  Baker,  99.9%),  cuprous  chloride  (CuCl,  Baker,  94.8%), 
zinc,  Baker,  99.8%),  zinc  oxide  (ZnO,  Fisher  Sci.,  99.9%), 


Table  2 


Specific  energy  and  energy  density  of  selected  energy  systems 


Electrical  energy  storage/conversion  system 

Specific  energy  (kWh/kg) 

Energy  density  (kWh/L) 

Lead-acid  battery 

0.04 

0.07 

Zinc-Mn02-NH4C1  (Leclanche)  battery 

0.09 

0.2 

Zinc-air  battery 

0.2 

0.08 

Lithium  batteries 

0.2 

0.3 

NH3  (Cracking  at  650  °C)-H/AFCs 

0.4 

0.3 

NH3-MgH2-H/AFCs  (50%  efficiency) 

~1  (Estimated) 

~1  (Estimated) 

Current  fuel  cell  system  target 

1 

1 

Luture  fuel  cell  system  target 

2 

2 
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iron  (Fe,  Fisher  Chemicals,  99%),  palladium  chloride  (PdCl2, 
Aldrich,  99%),  and  platinum  chloride  (PtCU,  Aldrich,  98%). 

All  batch  tests  were  conducted  using  15-mL  glass  vials  sealed 
with  Teflon  septums.  Tests  at  each  experiment  condition  were 
carried  out  in  triplicates.  The  following  describes  two  proce¬ 
dures  (purge  and  vacuum)  used  for  sample  loading/preparation 
and  catalyst  doping  procedure. 

The  purge  procedure'.  Prescribed  amounts  of  the  chemicals 
were  weighed  and  loaded  into  a  15-mL  glass  vial.  The  vial  was 
sealed  with  a  rubber  septum.  Two  hypodermic  needles  were 
poked  through  the  septum  (one  was  connected  with  nitrogen 
supply  and  the  other  one  was  a  vent),  and  the  loaded  vial  was 
purged  with  nitrogen  for  about  30  s.  Then,  ammonia  gas  was 
charged  into  the  vial  from  the  ammonia  cylinder  with  the  reg¬ 
ulator  set  at  a  pressure  of  20  or  lOpsi.  The  loaded  vials  were 
placed  into  an  oven  preset  at  a  desired  test  temperature  and 
the  reaction  time  was  set  at  zero.  After  a  preset  reaction  time,  the 
vials  were  cooled  to  ambient  temperature,  and  the  gas  in  the 
headspace  was  sampled  and  analyzed  using  a  gas  chromato¬ 
graph. 

The  vacuum  procedure:  The  first  two  steps  were  the  same  as 
those  in  the  purge  procedure.  Only  one  hypodermic  needle  was 
poked  through  the  septum.  The  vial  was  vacuumed  to  29.8  inHg 
and  charged  with  nitrogen  to  lOpsi,  and  this  procedure  was 
repeated  for  three  times.  Then,  ammonia  gas  was  charged  into 
the  vial  at  a  pressure  of  lOpsi.  The  rest  steps  were  the  same  as 
those  in  the  purge  procedure. 

The  catalyst  doping  procedure:  First,  1,  5,  25,  and  50  mg  of 
PdCL  or  PtCl4  were  dissolved  in  separate  vials  each  containing 
5  mL  of  methanol,  respectively.  Then,  500  mg  of  MgFL  were 
added  to  each  of  the  solutions.  The  methanol  was  vacuum  evap¬ 
orated  methanol.  The  dried  PdCh  or  PtC’U  doped  MgH2  was 
kept  as  the  feedstock. 

3.  Results  and  discussion 

Results  from  the  magnesium  hydride-ammonia  reaction 
(MgH2-NH3)  at  150  °C  in  terms  of  hydrogen  formation  rates 
are  shown  in  Fig.  1,  in  which  three  reactions  possibly  involved 
in  this  system  are  also  listed.  In  addition  to  the  reaction  of 
interest,  thermal  decomposition  of  magnesium  hydride  was 
possible.  Therefore,  tests  were  conducted  using  magnesium 
hydride  in  the  presence  of  only  nitrogen  to  evaluate  thermal 
effect  of  hydrogen  production.  The  reaction  of  magnesium 
with  ammonia  could  also  contribute  to  the  hydrogen  formation 
since  the  magnesium  hydride  feedstock  contained  about  10% 
magnesium  as  the  result  of  its  manufacturing  process.  Tests 
using  this  combination  of  reactants  were  also  conducted.  At 
reaction  times  of  20-30  h,  the  hydrogen  concentration  in  the 
vial  reached  about  30%.  Of  this  total,  about  15%  was  due  to 
the  thermal  decomposition  reaction  of  MgH2  while  about  2% 
was  derived  from  the  Mg-NFb  reaction.  By  subtraction,  the 
MgFI2-NH3  reaction  contributed  about  13%  of  the  hydrogen 
in  the  gas  mixture,  or  43%  of  the  hydrogen  production.  It  was 
also  believed  that  the  hydrogen  concentration  data  represented 
a  minimum  level  of  hydrogen  produced  at  each  test  condition 
since  the  loss  of  hydrogen  was  likely  to  have  occurred  due  to 


Fig.  1.  Hydrogen  evolution  from  the  MgH2~NH3  reaction  using  batch  reac¬ 
tors. 


gas  permeation  through  the  rubber  septum  over  the  extended 
test  period  at  150  °C. 

All  of  the  early  batch  tests  were  conducted  using  the  purge 
procedure.  Low  levels  of  oxygen  and  nitrogen  were  detected  by 
the  gas  chromatography  analysis  in  some  of  the  off-gas  samples 
from  the  sealed  glass  vials.  The  presence  of  oxygen  may  be 
resulted  from  incomplete  purge  of  the  headspace  in  the  vial, 
and  could  affect  the  route  and  extent  of  the  hydride  reactions. 
Therefore,  additional  tests  were  conducted  using  the  vacuum 
procedure.  Results  from  the  tests  using  both  purge  and  vacuum 
procedures,  as  shown  in  Fig.  1,  appeared  to  be  consistent. 

This  study  also  explored  the  effect  of  selected  catalysts  and/or 
promoters  on  the  rate  of  hydrogen  generation  involving  the 
MghL-NfL,  reaction.  These  compounds  include:  NH4CI,  AgCl, 
CuCl,  Zn,  ZnO,  Fe,  PdCl2,  PtClr.  The  first  six  compounds  were 
added  in  the  test  vials  to  form  admixtures  with  magnesium 
hydride  prior  to  the  temperature  exposure.  The  last  two  com¬ 
pounds  were  doped  onto  the  magnesium  hydride  according  to 
the  doping  procedure  described  in  the  Experimental  section. 

All  of  these  compounds  showed  a  certain  degree  of  enhance¬ 
ment  of  hydrogen  formation  rate  at  the  test  temperature  of 
75  °C.  The  results  derived  from  the  first  six  compounds  are 
shown  in  Fig.  2.  A  baseline  was  established  for  MgH2-NH3 
without  adding  any  catalyst/promoter  at  75  °C,  lOpsi  and  at 
150 °C,  20psi,  respectively,  and  shown  by  the  two  lines  in 
Fig.  2.  Of  the  three  chloride  compounds,  AgCl  and  CuCl  en¬ 
hanced  the  rates  of  hydrogen  formation  comparable  to  those  ob¬ 
tained  without  adding  these  compounds  at  150  °C.  Furthermore, 
the  presence  of  NH4CI  resulted  in  significant  increase  in  the  hy¬ 
drogen  concentration,  which  could  be  attributed  to  two  factors. 
First,  ammonium  chloride  is  in  equilibrium  with  ammonia  and 
hydrochloric  acid  (HC1).  Although  the  equilibrium  constant  is 
very  small  (K25  °c  =  10-16),  FIC1  is  extremely  reactive  with 
MgH2.  Second,  NH4CI  may  interact  with  MgH2  according  to 
the  following  pathway:  4MgH2  +  2NH4Cl=Mg3N2+MgCl2  + 
8FL.  Additional  tests  showed  that  the  MgFI2-NFl4Cl  mixture 
did  not  react  unless  either  water  or  ammonia  was  present. 
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Fig.  2.  Hydrogen  evolution  from  the  MgH2~NH3  reaction — effects  of  addi¬ 
tives. 
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Fig.  3.  Fb  evolution  from  the  MgFl2-NFi3  reaction — effects  of  addi¬ 
tives/catalysts. 
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The  former,  when  condenses  on  the  surface  of  the  reactants, 
ionizes  NH4CI  and  creates  a  suitable  medium  for  the  reaction 
of  MgH2  and  HC1.  The  latter  may  play  a  similar  but  less  ef¬ 
fective  role,  since  its  ionization  constant  (K_5o°c  =  IO-30)  is 
much  less  than  that  of  water  (KW25°c  =  10-14). 

The  MgH2-NH3  conversion  reaction  was  also  conducted 
with  NH4CI  additive  and  PdCb  and  PtCU  catalyst,  respec¬ 
tively.  Fig.  3  shows  a  significant  increase  in  hydrogen  produc¬ 
tion  as  compared  to  the  baseline  systems  (i.e.,  MgH2-NH3  and 
MgFF-NFb-NFFiCl).  For  tests  conducted  at  75  °C  with  a  reac¬ 
tion  time  of  1  h,  the  combination  of  NH4CI  and  PdCl2  resulted 
in  the  highest  hydrogen  concentration.  Again,  the  results  from 
the  tests  using  the  different  loading  procedures  (purge  and  vac¬ 
uum)  appeared  to  be  comparable. 

Based  on  these  results,  experiments  were  further  conducted 
using  the  PdCl2  to  evaluate  the  effect  of  catalyst  dosage  on  the 
rate  of  hydrogen  formation.  Fig.  4  shows  the  results  from  the 
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Fig.  4.  Ft2  evolution  from  the  MgFF-NFI^  reaction — effect  of  catalyst  dosage. 


PdCl2  tests.  The  first  set  of  data  (gas  sampling  1  h  after  test) 
show  the  rate  of  hydrogen  production  doubled  as  compared 
to  the  baseline  (i.e.,  MgFI2-NH3-NFl4Cl  without  PdCl2).  It 
should  be  noted  that  when  gas  samples  were  taken  again  16  h 
later  from  the  test  vials,  which  were  kept  at  ambient  temper¬ 
ature,  the  hydrogen  concentration  increased  to  about  43%  for 
three  samples,  and  nearly  60%  for  the  sample  with  the  high¬ 
est  PdCh  dosage.  Theoretical  limits  of  two  possible  reactions 
were  shown  in  Fig.  4.  The  first  line  at  the  hydrogen  concentra¬ 
tion  of  15.6%  indicates  the  level  that  could  be  reached  if  hy¬ 
drogen  were  produced  only  by  the  MgFI2-HCl  reaction  based 
on  the  available  HCI  (limiting  species)  from  the  ammonium 
chloride  loading.  Similarly,  the  second  line  at  the  hydrogen 
concentration  of  42.5%  reflects  the  amount  of  hydrogen  that 
could  be  produced  if  the  reaction  were  to  proceed  according  to 
4MgH2  +  2NH4CI  =  Mg3N2  +  MgCl2  +  8H2.  In  addition,  the 
data  point  corresponding  to  the  50  mg  PdCl2  dosage  shows  that 
the  concentration  of  hydrogen  is  about  60%,  nearly  20%  higher 
than  the  stoichiometry  of  the  above  reaction.  These  levels  sug¬ 
gest  that  the  observed  hydrogen  concentrations  are  within  the 
ranges  from  several  plausible  reactions,  but  further  tests  are 
needed  to  confirm  the  reaction  mechanism  for  these  systems. 

4.  Conclusion 

Hydrogen  was  produced  from  the  reaction  between  ammo¬ 
nia  (NH3)  and  magnesium  hydride  (MgH2)  in  the  temperature 
range  of  75-150  °C.  Among  various  additives  tested,  NH4CI 
displayed  the  most  pronounced  effect  of  enhancing  the  reactiv¬ 
ity  of  MgH2  at  near-ambient  temperatures.  MgH2  doped  with 
either  PdCU  or  PtCU  in  combination  with  ammonia  and  NH4CI 
further  increased  the  rate  of  hydrogen  formation.  Results  from 
this  study  demonstrated  the  feasibility  of  hydrogen  production 
from  ammonia-based  reactions  in  support  of  potable  hydrogen 
fuel  cells.  These  preliminary  results  warrant  further  systematic 
studies  to  elucidate  the  activation  mechanism  of  PdCU  or  PtCU 
as  catalysts,  as  well  as  the  role  of  NH4CI  as  an  additive,  a  re¬ 
actant  and/or  a  catalyst  in  the  ammonia-based  reaction  systems 
of  interest. 
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